In this study, we show the divacant substitution of Fe impurities atom produces the formation of an electron spin channel along the arm-chair direction of graphene. This spin channel creates a directional dependent spin exchange between impurities. Using density functional theory, we simulated the electronic and magnetic properties for a supercell of graphene with spatial variation of the Fe atoms along either the armchair or zig-zag directions. Overall, we find that the exchange interaction between the two Fe atoms fluctuates from ferromagnetic to antiferromagnetic as a function of the spatial distance in the armchair direction. Given the induced magnetic moment and increased density of states at the Fermi level by the surrounding carbon atoms, we conclude that an RKKY-like interaction may characterize the exchange interactions between the Fe atoms. Furthermore, we examined the same interactions for Fe atoms along the zig-zag direction in graphene and found no evidence for an RKKY interaction as this system shows a standard exchange between the transition-metal impurities. Therefore, we determine that the spin channel produced through Fe-substitution in graphene induces a directional-dependent spin interaction, which may provide stability to spintronic and multifunctional devices and applications for graphene.
I. INTRODUCTION
Even after over a decade of high-profile research, graphene continues to provide fascinating results and phenomena [1] [2] [3] ranging from semiconductor physics and magnetism to superconductivity and magic angles [3] [4] [5] . The interest in graphene and other two-dimensional (2D) materials is due to their possible technological applications stemming from their electronic properties and high tensile strength, which makes 2D materials excellent candidates for many applications, such as flexible supercapacitors or as a highly sensitive gas detectors [3] [4] [5] [6] [7] .
Graphene has a stable and robust honeycomb lattice (shown in Fig. 1(a) ) [1, 2] , where its unique electronic structure and tensile strength strongly suggests electronic applications in memory and logic devices and processes [8] [9] [10] [11] . These properties have enabled the use of graphene nanoribbons (GNRs) in field-effect transistors, which provide viable technological applications [8, 9] . Through the utilization of GNRs in quantum dot technology, a large band gap can be introduced producing the possibility of a logic switch [13, 14] .
While nanoscale logic devices are a practical use of graphene, they only take advantage of the charge degree of freedom (DoF). However, in the last decade, there has been a significant push for 2D materials in the realm of spintronics [15, 16] , where the ability for a spintronic device to take advantage of the coupling between magnetic and electronic DoF could develop into new avenues for technological applications [15, 16] . Such a device could be utilized to create great interest in the technology sector due to graphene's inexpensive and practical fabrication.
Graphene has been shown to gain magnetic moment through introduction of vacancies, adsorption of ad-toms, or substitutional impurities, which gives rise to the prospect of spin-based memory storage devices [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . The presence of a magnetic ions in graphene can produce a magnetic coupling between two magnetic moments. Studies examining this effect on graphene have shown to produce a Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction between two magnetic impurities introduced into a single-atomic-layer [29] [30] [31] [32] [33] , where an RKKY interaction occurs when two magnetic atoms coupling in a non-magnetic material through the conduction electrons [34] [35] [36] . This effect has been shown via density functional theory (DFT) calculations that the magnetic spin of the metal impurities in graphene changed inversely proportional to the cube of the separation between the two metal impurities [32] . Furthermore, Some studies have examined the effects of the molecular adsorption on graphene with Fe dimers [37] .
Recently, it was shown that direct substitution of two transition-metal impurities in place of individual carbon atoms in graphene (shown in Fig. 1(b) ) resulted in an RKKY interaction [31] and further showed that these interactions could be used to display the potential of a graphene spintronic device through a change the magnetic spin of the substituted impurities, in a graphene nanoribbon, by a simulated bias voltage [33] . Additionally, a previous study done by Seixas et. al. have also shown that there is some magnetic interaction between doped impurities in a similar 2D material phosphorene [38] . However, recent studies have shown that a divacant substitution ( Fig. 1(c) ) of metal impurities is the energy-favorable structure over the single vacant substitution [11, 12] .
Here, we examine the spatial dependence of electronic and magnetic properties of two magnetic Fe atoms in graphene. Using DFT, we present the electronic band structure, density of states, and magnetization density for Fe atoms separated along both the armchair and zigzag directions. We find that the presence of a divacantlysubstituted Fe atoms into graphene produces an electron spin channel along the arm-chair direction and mediates a directional-dependent spin exchange between the coupled Fe atoms, where the two Fe atoms seem to couple through an RKKY-like interaction along the armchair direction and a standard exchange in the zig-zag direction. If this effect can be confirmed by experiment, the prospect of spintronic graphene becomes increasing possible.
II. COMPUTATIONAL METHODOLOGY
Calculations were performed using DFT through the utilization of QuantumATK [40] [41] [42] . Starting with a 12x12 supercell of graphene (216 atoms), two C atoms were replaced by a single Fe atom. Another Fe atom was then inserted into graphene in the same manner at varying distances from the original Fe atom. This spatial distance was performed along both the zig-zag and armchair directions, shown in Figure 1 was relaxed to find the ground state configuration. The results were then compared to previous literature to assure consistency [23, 29] . Our choice of Fe was due to the experimental work on the energy favorable configurations for Fe dimers shown Ref. [12] . Stability is a critical component since studies on 5d transition metals, adtoms, and vacancies have shown to be unstable and produce ion migration using tungsten [44] [45] [46] .
Using a Spin-polarized Generalized Gradient Approximation (SGGA) in the Perdew, Burke, and Ernzerhof (PBE) functional [43, 47] , which utilizes a normconserving pseudopotential of Fe including nonlinear core corrections. Our study was applied using a 10x10x1 kpoint sampling, and a Hubbard potential of 4 eV was placed on the Fe 3d-orbitals produce localized magnetic moments. The electronic band structure, density of states (DOS), and magnetization density were determined. Through an examination of the total energy for the ferromagnetic (FM) and antiferromagnetic (AFM) configurations, the ground state was established. With the ground state known, we then analyzed the electronic structure to determine the nature of the exchange coupling.
III. RESULTS AND DISCUSSION
A. Electronic Band Structure Figure 2 shows the electronic band structure and DOS for the divacant substitution of graphene with Fe dimers along the armchair direction for impurity separations of 2, 4, 6, 8, and 10 carbon atoms. The band structure contains both spin up (black) and spin down (red) bands when the ground state has a FM polarization, but the bands are degenerate in the AFM polarization. Furthermore, the DOS for each configuration is paired alongside the band structure, where we present the total and partial DOS, as well as the local DOS (LDOS) for C, and the LDOS of Fe (moving left to right). Figure 3 shows the electronic band structure and density of states (DOS) for the divacant substitution of graphene with Fe dimers along the zig-zag direction for impurity separations of 3, 5, 7, and 9 carbon atoms. Here, all ground states are AFM. Therefore, the spin up and Here, the armchair configuration seems to be dominated by a RKKY-like interaction, which is characterized by the oscillatory nature of the spin exchange, while the zigzag configuration seems to only be dominated by standard exchange.As the separation between the impurities is increased, the exchange energy is reduced (shown in (c) and (d)).
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The electronic band structure for the arm-chair and zig-zag configurations show a clear difference in the magnetic interactions within the system. Both seems to have the presence of conduction electrons. However, only the arm-chair direction presences the alternating magnetic interactions typically observed for RKKY interactions. On contrary, the zig-zag direction does not change in magnetic character, which is indicative of a standard exchange model. Therefore, the simple presence of conduction electrons does not mean that a RKKY interaction will be present. To understand this further, we will examine the magnetic interactions and the electron density.
B. Magnetic Interactions
To understand the magnetic and electronic properties of Fe atoms divacantly substituted into a supercell of graphene, the exchange characteristics of the magnetic dimer in graphene can be considered by a standard exchange spin Hamiltonian, where J is the exchange interaction between the two spins. In a standard exchange quantum spin dimer, the change in energy between the two states J [48] , where you get a FM ground state for J > 0 and an AFM ground state for J < 0. Therefore, through an examination of the energy difference of the FM and AFM configurations, one can determine the ground state configuration and estimate the exchange interaction. Figure 4 shows the change in energy between the FM and AFM configurations. For the armchair configuration ( Fig. 4(a) and (c)), the change in energy shows a distinct oscillation between FM and AFM ground states, where the zig-zag configuration ( Fig. 4(b) and (d) ) is consistently the below zero and indicates constant AFM exchange. This difference in exchange shows a directionaldependent exchange in graphene, where the armchair configuration is consistent with that of an RKKY interaction, which has been shown in the single vacant case as well. However, the zig-zag configuration only produces a standard exchange between the impurity atoms.
An analysis of the electronic structure and local density of states for the carbon atom indicates a slight metallicity between the two Fe impurities. Therefore, given alternating magnetic ground state shown in Fig. 4(a) and the modest density of states in the linking carbon atoms, it is likely that an RKKY interaction exists between Fe impurities along the armchair direction, which is in agreement with previous calculations on metal impurities substituted in graphene [32] . Figure 5 shows the magnetization density for Fe atoms substituted along the armchair and zig-zag directions with increasing spatial distance. An analysis of the density plot shows the magnetic spin of the Fe atoms and their influence on the surrounding carbon atoms as the two Fe atoms are separated along both directions. The illustration of the magnetization density indicates the presence of a spin channel that form along the arm-chair direction of graphene.
C. Electron spin channel
Along the armchair direction, we find that the orbital interactions between the magnetic impurities changes and alternates between FM and AFM. Furthermore, the electron distribution in the 2 and 4 carbon separation cases also produce a different pattern than the others. This is likely due to a small, but noticeable, distortion in the lattice, which is illustrated by the faded regions in Fig. 5 . However, there appears to be a clear competition between RKKY-like interactions through the conduction electrons and a standard Heisenberg interaction through orbital interactions.
Examining magnetization density along the zig-zag direction, the configuration of the two Fe impurities does not exhibit the same characteristics shown by the armchair direction. Here, the magnetic ground state along the zig-zag direction remains AFM, which is consistent with the electronic structure analysis. Therefore, the nature of these interactions are likely a standard orbital exchange as was shown through an examination of the FIG . 6 : The development of a spin channel through the conduction electrons in the armchair directions is evident through the antiferromagnetic ordering through graphene. However, in the zig-zag case, the orbitals along the zig-zag direction produce a spin shield that seems to block exchange through the RKKY interaction. Therefore, the zig-zag direction couples as normal orbital exchange.
ground state energy between FM and AFM interactions ( Fig. 4(b) ).
Within this picture, the nature of the magnetic coupling can be better understood. The divacant substitution of Fe into the lattice produces a break in the local symmetry and forms an electron spin channel around the embedded spin. This is clearly shown when the impurity atoms are far apart. As they are brought closer together, small lattice distortions blur the exchange pathway. As shown in Fig. 6 , the spin channel is directed along the arm-chair direction, which allows for easier interaction of the spins using the conduction electrons, which enables an RKKY-like interaction. We call it RKKY-like because the system is a combination of RKKY interactions and standard exchange. This also explains why the interactions along the zig-zag direction does not exhibit RKKYlike features. The presence of a spin channel induces a magnetization shield around the impurity atom, which essentially "blocks" the conduction electron contribution and the system remains AFM.
IV. CONCLUSION
Overall, we show that the presence of divacantlysubstituted atoms in graphene produces a directional-dependent magnetic exchange due to the formation of an electron spin channel that favors conduction electrons along the arm-chair direction. Divacantly-substituted Fe atoms were placed into a graphene sheet and along either the armchair or zig-zag directions. Using DFT, the electronic and magnetic properties for the Fe atoms were determined for various spatial separations. An analysis of the exchange energy shows that graphene produces a directional-dependent magnetic exchange. Interactions along the zig-zag direction seem to be governed by a standard exchange, while the interactions along the arm-chair direction produce an RKKY-like exchange.
We show that systematic placement of magnetic impurities not only induces magnetism into the graphene lattice, but the presence of the spin channel allows for the directional dependence in graphene to form. The interaction through the conduction electrons along the zig-zag are blocked by the magnetization shield of the spin channel. This blockade makes the zig-zag direction rely on standard orbital interactions, rather than conduction electron interactions. Previous studies have only shown that graphene has either an RKKY or standard orbital exchange. However, our study shows that the interactions depends on the orbital manipulations of the lattice.
Overall, this dichotomy of interactions may provide an avenue for which graphene can be used in the development of a spintronic device as it has implications for both technological and fundamental understanding of magnetism in graphene. Further studies hope to show that it may be possible to influence electrons through voltage gates and take advantage of the magnetic spin of the impurities.
